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FOREWORD

The goal of this research was to estimate the safety effectiveness of various lane and shoulder
width combinations on rural, two-lane, undivided roads in the Evaluation of Low-Cost Safety
Improvements Pooled Fund Study (ELCSI-PFS) Phase II. This evaluation intends to identify
optimal lane and shoulder width combinations for fixed total paved widths as a countermeasure
for roadway departure crashes.

The safety effectiveness for lane and shoulder width combinations was determined by
conducting a scientifically rigorous case-control evaluation of rural, two-lane, undivided roads in
the United States. The ELCSI-PFS provides crash reduction factors and an economic analysis for
the targeted safety strategies where possible.

This safety improvement and all other targeted strategies in the ELCSI-PFS are identified as low-
cost strategies in the National Cooperative Highway Research Program (NCHRP) 500 Series
reports. Participating States in the ELCSI-PFS are Arizona, California, Connecticut, Florida,
Georgia, Illinois, Indiana, lowa, Kansas, Kentucky, Maryland, Massachusetts, Minnesota,
Mississippi, Montana, New York, North Carolina, North Dakota, Oklahoma, Pennsylvania,
South Carolina, South Dakota, Tennessee, Texas, Utah, and Virginia.
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Research and Development
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EXECUTIVE SUMMARY

The Federal Highway Administration (FHWA) organized a pooled fund study of 26 States to
evaluate low-cost safety strategies as part of its strategic highway safety effort. The purpose of
the FHWA Low-Cost Safety Improvements Pooled Fund Study is to evaluate the safety
effectiveness of several low-cost safety strategies presented in the National Cooperative
Highway Research Program (NCHRP) 500 Series reports. Although not identified in the
NCHRP 500 Series reports, one of the strategies selected for evaluation in the pooled fund study
was the allocation of lane and shoulder width for fixed total paved widths on undivided, rural,
two-lane roads. The safety effectiveness of various allocations of total paved width has not been
thoroughly documented, and this study is an attempt to provide an evaluation through
scientifically rigorous procedures.

A matched case-control analysis was conducted to determine the safety effectiveness of lane and
shoulder width configurations for total paved widths from 7.92 to 10.97 m (26 to 36 ft) using
data from Pennsylvania and Washington. For narrow pavement widths (i.e., 7.32 m (24 ft)), a
supplemental analysis was conducted using data from Pennsylvania only. Geometric, traffic, and
crash data were obtained for the entire population of undivided, two-lane, rural road segments in
both States. To account for potential confounding effects, segments were matched by average
annual daily traffic (AADT) and segment length, while other variables (e.g., speed limit) were
included in the model as covariates.

In general, results were consistent with previous research efforts, showing crash reductions for
wider paved widths, lanes, and shoulders, all else being equal. The results were not as clear for
different configurations of lane and shoulder width, given a fixed pavement width. Considering
Pennsylvania and Washington individually, some configurations show that additional lane width
is favorable to additional shoulder width, while others indicate the opposite trend. One
significant departure from previous research is that the effects of lane and shoulder width should
be considered together. Specifically, the crash modification factor (CMF) for a given shoulder
width may not be applicable across various lane widths. These recommendations are supported
by recently completed research in Texas.” An objective of this study was to provide CMFs for
various lane-shoulder combinations. The results from the individual State analyses were
combined with the previous research in Texas, and CMFs were selected for several
configurations of lane and shoulder width."”

The selected CMFs present a more apparent trend where wider lanes and narrower shoulders are
associated with a reduction in crashes given a fixed paved width. For 7.92- to 9.75-m (26- to

32-ft) total paved widths, a 3.66-m (12-ft) lane provides the optimal safety benefit; the CMF ranges
from 0.94 to 0.97, indicating a 3—6-percent crash reduction for 3.66-m (12-ft) lanes compared with
3.05-m (10-ft) lanes for a fixed paved width. For a 10.36-m (34-ft) total paved width, 3.35-m
(11-ft) lanes provide the optimal safety benefit; CMF was 0.78 compared with the 3.05-m (10-ft)
baseline. For a 10.97-m (36-ft) total paved width, both 3.35- and 3.66-m (11- and 12-ft) lanes
provide the optimal safety benefit; CMF was 0.95 compared with the 3.05-m (10-ft) baseline.

A supplemental analysis was conducted for narrow pavement widths (7.32-m (24-ft) total paved
width) on rural, undivided, two-lane roads in Pennsylvania. Results indicated a strong



interdependence between traffic volume and lane and shoulder configuration. The CMFs
increase nonlinearly with increasing traffic volumes. Also, the rate of increase differs for each
lane and shoulder configuration. At the lowest levels of AADT (less than 1,000 vehicles per
day), configurations with shoulders have lower CMFs than the baseline (3.66-m (12-ft) lanes and
no shoulders). For example, at 500 vehicles per day, the CMFs for the 2.74-m (9-ft) lane and
0.91-m (3-ft) shoulder, 3.05-m (10-ft) lane and 0.61-m (2-ft) shoulder, and 3.35-m (11-ft) lane
and 0.30-m (1-ft) shoulder configurations are 0.79, 0.86, and 0.81, respectively. At AADTs
greater than 1,000 vehicles per day, configurations with shoulders have higher CMFs than
3.66-m (12-ft) lanes with no shoulders. For example, at 1,500 vehicles per day, the CMFs for the
2.74-m (9-ft) lane and 0.91-m (3-ft) shoulder, 3.05-m (10-ft) lane and 0.61-m (2-ft) shoulder, and
3.35-m (11-ft) lane and 0.30-m (1-ft) shoulder configurations are 1.12, 1.11, and 1.08,
respectively. Therefore, for narrow pavement widths, it is beneficial to provide narrower lanes
with wider shoulders at low AADTs (less than 1,000 vehicles per day), but the configuration
with 3.66-m (12-ft) lanes and no shoulders appears to be most beneficial for large AADTs
(greater than 1,000 vehicles per day).

There should be no cost for this strategy because the position of the edgeline is the only
difference in design. It is likely that the choice of lane-shoulder configuration will be made prior
to construction or prior to a resurfacing project and will not involve re-striping the roadway. Due
to the zero cost of the strategy, even small expected reductions in crashes will justify their use.
For those configurations that show promise (i.e., lower crash odds within a fixed paved width),
the benefits are directly related to the expected reduction in crashes; however, the expected crash
reduction must be computed on a case-by-case basis. Based on the estimated safety effectiveness
of this strategy, specific configurations of lane and shoulder width have the potential to reduce
crashes and related costs effectively on rural, two-lane, undivided roads.



INTRODUCTION

BACKGROUND OF STUDY

In 1997, the American Association of State Highway and Transportation Officials (AASHTO)
Standing Committee on Highway Traffic Safety, with the assistance of the FHWA, the National
Highway Traffic Safety Administration, and the Transportation Research Board Committee on
Transportation Safety Management, met with safety experts in the field of driver, vehicle, and
highway issues from various organizations to develop a strategic plan for highway safety. These
participants developed 22 key areas that affect highway safety.

The National Cooperative Highway Research Program published a series of guides to advance
the implementation of countermeasures targeted to reduce crashes and injuries. Each guide
addresses 1 of the 22 emphasis areas and includes an introduction to the problem, a list of
objectives for improving safety in that emphasis area, and strategies for each objective. Each
strategy is designated as proven, tried, or experimental. Many of the strategies discussed in these
guides have not been rigorously evaluated; about 80 percent of the strategies are considered tried
or experimental.

The FHWA organized a pooled fund study of 26 States to evaluate low-cost safety strategies as
part of this strategic highway safety effort. The purpose of the pooled fund study is to evaluate
the safety effectiveness of several tried and experimental, low-cost safety strategies through
scientifically rigorous crash-based studies. The safety effects of lane and shoulder width have
been researched extensively; however, the safety tradeoff for different configurations of lane and
shoulder width, given a fixed pavement width, has not been previously addressed. Based on
inputs from the Pooled Fund Study Technical Advisory Committee, the following research
question was selected for study:

Given a fixed roadway width for two-lane, undivided, rural roads, is it safer to provide wider
shoulders or wider lanes?

State and local agencies are often faced with a decision of how to enhance safety on two-lane,
undivided, rural roads when the total paved width is to remain the same. One option is to
reconfigure the combination of lane and shoulder width. As an example of the question at hand,
given a 9.14-m (30-ft) total paved width, is it best to provide two 3.66-m (12-ft) lanes with
0.91-m (3-ft) shoulders or 3.35-m (11-ft) lanes with 1.22-m (4-ft) shoulders? The application of
this strategy is most likely to be incorporated during new construction or during a resurfacing
project. It is not likely that an agency would restripe an existing roadway as a standalone
treatment.

BACKGROUND ON STRATEGY

Research regarding the safety implications of lane and shoulder width has been conducted for
over 20 years and remains of interest today. Among the more recent activities in this area is the
work of an expert panel to review research results for the Interactive Highway Safety Design
Module (IHSDM). Several studies were reviewed to develop CMF for lane width and shoulder
width.*** The studies used a variety of data analysis techniques and statistical tools in an
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attempt to derive the effect of lane and shoulder width on safety. The CMFs developed by the
expert panel were later adopted by the Highway Safety Manual (HSM).

The first study reviewed by the expert panel estimated the effects of lane widening on two-lane,
rural roads in Texas.””) Weighted least squares regressions were used to investigate relationships
of single- and multivehicle crash rates to surface width. The study investigated the importance of
AADT on expected number of crashes and subdivided segments by four categories of AADT.
Separate regressions were run for each of the four categories and no relation was found between
multivehicle crashes and width. Single-vehicle crashes were reported to decrease with increasing
lane width in the three highest AADT categories. Reductions were reported up to 50 percent for
2.44 m (8 ft) of pavement widening from 5.49 to 7.92 m (18 to 26 ft), which is equivalent to a
1.22-m (4-ft) lane widening. These reductions, however, may reflect the effects of other
variables because the models did not account for several potential confounders (e.g., speed and
curvature).

The second study estimated the effects of lane and shoulder widths on expected crashes for rural,
two-lane roads."”’ Target crash types included run-off-road, head-on, and sideswipe crashes.
Segments were grouped by facility type, AADT, number of access points, lane width, and
shoulder width. Target crash reductions were reported up to 39 percent for 3.35-m (11-ft) lanes
when compared with 2.13-m (7-ft) lanes and up to 21 percent for 2.74-m (9-ft) shoulders when
compared with no shoulders. Confidence intervals were not included with these estimates. The
study did not account for horizontal curvature, vertical curvature, or speed in the analysis.

The third study used a multiplicative crash prediction model and included AADT, lane width,
paved and unpaved shoulder width, roadside hazard rating, and terrain as predictors.”” As with
the previous study, target crashes included run-off-road, head-on, and sideswipe crashes. Terrain,
grade, and horizontal curvature were found to be highly related to number of crashes, but only
terrain was included in the model. Expected reductions in target crash types were reported for
general lane and shoulder widening, not for specific widths. Results were consistent with
previous findings for lane width (reductions up to 40 percent for lane widening of 1.22 m (4 ft)),
but much greater effects were reported for shoulder widening (49-percent reductions for shoulder
widening of 2.44 m (8 ft)). The large difference in reported crash reductions between the two
studies raises some concern and may indicate the presence of confounding effects.

The literature review indicates that there is fairly substantial evidence of the benefits of adding
shoulders to nearly all lane widths. Work by the expert panel for the HSM and IHSDM has
established CMFs for lane width and shoulder width, individually; however, they do not address
the issue of the optimal lane and shoulder width combination, given a fixed total paved width.
The safety effectiveness of various lane-shoulder width combinations for a fixed paved width is
explored empirically in this study to provide better support to the States when selecting a lane-
shoulder combination for a given paved width.



OBJECTIVES

The objective of this study was to determine the safety effectiveness of combinations of lane and
shoulder width on two-lane, rural, undivided roads for a fixed pavement width. Target crash
types included the following:

e All crashes on road segments (excluding intersection crashes).
e Target crashes on road segments, determined as the combination of the following:
o Run-off-road.
o Head-on.
o Sideswipe same direction.
o Sideswipe opposite direction.

All modeling was conducted for both target and total crashes. Intersection-related crashes are
excluded because this study focused on segment-related crashes.






METHODOLOGY

BACKGROUND

While the Empirical Bayes (EB) before-after method is the preferred study design to rigorously
develop CMFs, it was not possible to employ the EB method for this study because States do not
frequently change the allocation of lane and shoulder width for a fixed pavement width. It is
more common to adjust the total paved width during the process of reallocating lane and
shoulder width. Thus, a cross-sectional design was appropriate. In particular, the use of the case-
control method was suggested as a strong alternative to the EB approach for the assessment of
this strategy.

The case-control design is well established in epidemiology where it is used to relate risk factors
within a study population to a particular outcome or disease. Case-control methods have been
occasionally used in road safety studies. However, they have been applied in relatively few
studies on the safety effectiveness of road geometric characteristics. One of the earliest, and in
many ways the classic reference on the use of the method, is the Haddon et al. study of
pedestrian crashes in Manhattan in 1961.> More recent studies include applications to truck
crash risk and vehicle configuration, motorcyclists and pedestrians, and childhood pedestrian
injuries. " Several studies were conducted using case-control methods to associate truck driver
crash risk with hours of service. (See references 9—13.) Just one application of the case-control
method was identified in the literature that investigated the safety effects of roadway
geometrics."?

The basic concept of the case-control design is to identify case and control populations based on
the outcome of interest and compare the prevalence of risk factors between the two groups. The most
important step in a case-control study is defining the cases and controls. Ambiguous or broad
definitions for cases and controls may lead to misclassifications and will likely produce unclear
results. In the highway safety context, the outcome is defined as a crash, the risk factor is a particular
geometric feature or countermeasure, and the subjects are roadway segments. For this study, cases
are defined as segments that experience at least one crash during a particular year, and the controls
are drawn from those segments not experiencing a crash during the same year.

This study includes matching within the case-control design. The primary reason for a matched
case-control design is to control for confounding variables. Confounding variables include those
variables that completely or partially account for the apparent association between an outcome
and risk factor. Specifically, a confounder is a variable that is a risk factor for the outcome under
study, and is associated with, but not a consequence of, the risk factor in question.""”

As an example of confounding, consider the effect of lane width on crash risk. A potential
confounding variable on the true effect of lane width is AADT. Previous studies have shown
AADT to be a significant predictor of crash risk, and it is likely that AADT is associated with
lane width; higher-type facilities are usually associated with relatively high AADTs and wider
lanes. Hypothetically, an increase in lane width may be associated with an increase in crashes,
ignoring the confounding variable (AADT). In fact, lane width may prove to be insignificant or
wider lanes may even reduce the risk of a crash when potential confounders, such as AADT, are



accounted for appropriately. Based upon previous research AADT and segment length were
identified as potential confounders to include in this study."®

Matching as a means of addressing confounding is accomplished during the selection of controls.
Controls are selected so that each matched case-control pair has identical values for the
confounding variables (or at least similar values based on a range). For example, continuous
variables such as AADT may be categorized into increments of 500 vehicles per day, and
controls are randomly selected from the AADT category that corresponds to the matched case.
The main advantage of matching during the design stage is direct control of confounders.

A disadvantage to the matched design is the increased complexity of data collection and sample
selection, especially when there are many matching variables. This may increase the cost and
certainly the time for the data collection and analysis process. When matching upon multiple
variables, the sample sizes within each matching combination may become small due to the
limited number of sites that match the criteria exactly. In road safety, this has been stated as a
limitation to cross-sectional studies that involve matching."” This study applies a matching
scheme to account for the most apparent confounders (AADT and segment length) while
including other potential confounders as covariates in the model.

CREATION OF CATEGORIES FOR MATCHING VARIABLES

As discussed previously, matching cases and controls by exact values is not practical because it
significantly reduces the available sample size. Therefore, categorical variables were created for
AADT and segment length, and matching is completed by category. Multiple categories were
created for segment length and AADT using the following three steps:

e Step 1. Plot histograms and determine the distribution for each variable.
e Step 2. Apply normalizing transformation as necessary.

e Step 3. Create categories from the normalized distribution by taking the mean plus and
minus standard deviations."'®

For Pennsylvania and Washington, categories were created for segment length and AADT as
shown in table 1. It was not necessary to normalize the segment length data as they were
approximately normally distributed. A cube root transformation (i.e., AADT"?) was necessary to
normalize AADT before creating the categories. The mean and standard deviation for the
respective variables were then used to create the categories.



Table 1. Categories for Pennsylvania and Washington.

Pennsylvania Washington
Segment Segment
Length (m) AADT Length (m) AADT
<402 <176 <402 <97
402-604 176-1,000 402-604 97-729
604-805 1,000-2,986 604-805 729-2,406
805-1,006 2,986—-6,645 805-1,006 2,406-5,640
1,006-1,207 6,645—-12,487 1,006-1,207 5,640-10,941
> 1,207 > 12,487 > 1,207 >10,941
Note: Categories of AADT are based on categories created using AADT'”.
1 ft=0.305m
ANALYSIS

The nature of the study design (i.e., matched case-control study) requires the analysis to account
for the matching process between cases and controls. In a matched case-control design,
conditional logistic regression may be used to investigate the relationship between the outcome
and risk factor."® It should be noted that in a matched design, the effect of the matching
variables cannot be estimated because they are used as selection criteria when selecting cases and
controls. However, the interaction between matching variables and risk factors may be analyzed.

For this study, the risk factors of interest are lane width and paved right shoulder width. The
analysis determines the odds ratio for various combinations of lane and shoulder width for fixed
values of total pavement width. Matching is used to control for the effects of AADT and segment
length while other variables are included in the model as covariates to account for potential
confounding effects. For Pennsylvania, additional covariates include speed limit, unpaved right
shoulder width, and regional indicators. For Washington, additional covariates include speed
limit and indicators for horizontal and vertical curvature.

The safety effectiveness for each lane-shoulder width combination is estimated using conditional
logistic regression. The conditional probability of an outcome associated with the unmatched
variables xy,...,x, for each member of the /™ matched set is given by equation 1."'



Pr(Y)=1/{1+exp[—(c, + iﬂlx[ Nk (1)

Where:

Y = The outcome (1 = case and 0 = control).

% = The effect of matching variables for each matched set.

6, = Estimated coefficients for explanatory variables.

x; = Unmatched explanatory variables included in the model.

In this application, f; is interpreted as the odds ratio for a given value of a covariate compared
with the baseline (odds ratio = 1.0) for that variable. For all lane-shoulder combinations, the
baseline pavement width category is 10.97 m (36 ft) with 3.66-m (12-ft) lanes and 1.83-m (6-ft)
shoulders. The odds ratio for a specific lane-shoulder combination represents the expected
percent change in crashes compared with the baseline. Estimates of the coefficients for the
explanatory variables are obtained by maximizing the likelihood expression in equation 2.

n C )4
L(B)= _Z Inf 1+ Z eXp{ZIBk (xjki —X0i )}
j=1 k=1 i=1 @)
Where:

L(B;) = Likelihood estimate of coefficient i.

n = Number of cases.

¢ = Number of controls matched to each of n cases.

x; = Unmatched explanatory variables.

xjor = Value of x; for a case in the /" matched set.

X = Value of x; for the ™ matched control in the /" matched set.

NARROW PAVEMENT WIDTHS

A supplemental analysis was conducted for very narrow pavement widths (i.e., less than 7.92 m
(26 ft)) on undivided, two-lane, rural roads. The performance of these narrow pavement widths is
considered with respect to various lane and shoulder width combinations.

The Pennsylvania database was used to identify narrow pavement width configurations. The
Washington database did not contain sufficient sample sizes of narrow widths to include in the
analysis. Similar models were developed to those used for the wider paved widths; however, the
results were not interpretable. Therefore, alternative model forms were considered for the narrow
pavement widths. The models had a number of different features compared with those used for
the wider widths as follows:

A ratio of 2 controls to 1 case was used for the narrow pavement widths to increase the sample
size included in the analysis (i.e., 36,206 control segments and 18,103 case segments).
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Matching variables included segment length and speed limit using the same procedures for
defining categorical variables as previously described.

AADT was treated as a continuous variable. In order for the variable to have an approximate
normal distribution, a cube root transformation was performed. The cube root of AADT was then
included as a predictor in the models as a continuous variable.

Interactions of lane and shoulder width configurations and AADT were included in the model.
Care was taken in estimating the models and interpreting the effect of the interaction since
AADT was a continuous variable.

In order to successfully capture the effect of the AADT interactions, a clear statistical method
needed to be developed. The method must capture the effect of the lane and shoulder width
configuration as well as the AADT interactions on the estimates of the odds ratios. It is incorrect
to simply use exponentiation of the coefficients because the effect depends on the level of
AADT. As such, the log odds must be obtained using equation 3.

Ln[OR,]= X (¢; = ¢y)+ Buersetion s XADT _CUBRT x(d, —d.,) 3)

Where:

B; = Parameter for lane and shoulder width combination.

ci-co = Dummy variable (1 for lane and shoulder combination i and 0 otherwise).

Binteracion i = Parameter for the interaction term of specific lane and shoulder combination
and AADT.

AADT CUBRT = Cube route of AADT.

di-dy = Dummy variable for the interaction term.

The log odds may be transformed to a conventional odds ratio using equation 4, which is the
exponentiation of each side of equation 3. All variables are as previously defined.

OR[ = exp[ﬂ[ X (ci - CO) + ﬁintemction i X ADT — CUBRT X (dl N do)] (4)

An effective way to show the presence of interaction is via a graph of the estimated conditional
(fixed-effects) logistic regression of this model. Confidence limits can also be developed for the
odds ratios that include the interaction terms.*”
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STUDY DESIGN

The study design involved a sample size analysis and prescription of needed data elements. The
sample size analysis assessed the size of sample required to statistically detect a change in safety.

A 1:1 matched case-control design was selected as the method to evaluate lane-shoulder width
combinations. In this design, a single control is randomly matched to each case based on similar
values of the confounding variables (i.e., AADT and segment length). Once the case-control pairs
have been established, the presence of the risk factor (i.e., lane-shoulder width combination) is
determined for each observation. The data can be summarized as shown in table 2.1

Table 2. Example tabulation of matched case-control study.

Risk Factor Risk Factor Present in Control
Present in Case Yes No
Yes cl d;
No d> 3

Concordant pairs (c; and ¢;) are not of interest in the analysis because both the case and control
have the same risk factor status. Discordant pairs (d; and d>), those pairs with different risk factor

status, are of particular interest. The probability (¢?) that a discordant pair includes a case with
the risk factor is estimated by equation 5.

dl

¢:d1+d2 (5)

Where:

~

9 = Probability that a discordant pair includes a case with the risk factor.
d; = Number of discordant pairs where the risk factor is present in the case, but not in the control.
d> = Number of discordant pairs where the risk factor is present in the control, but not in the case.

SAMPLE SIZE AND POWER

For a matched case-control design, the required sample size (i.e., number of segments) is equal
to twice the number of discordant pairs divided by the proportion of expected discordant pairs in
the sample as shown in equation 6."'Y

2d
n=—2=
7T, (6)
Where:
n = Total sample size, including case and control segments.
d, = Number of discordant pairs.
n

U

= Probability of a discordant pair.
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The required number of discordant pairs is estimated from equation 7, which is related to the desired
level of significance, power, and detectable difference in risk. The probability of a discordant pair
(™) must be estimated, either from previous studies or from a sample of existing data.

[z, (A+D)+22,JA)
P (1_1)2

(7
Where:

z, = Z-statistic for significance level %/2.
z, = Z-statistic for power 1-B.
A Desired detectable relative risk.

Table 3 illustrates the required sample sizes for various combinations of A and ™. The number of
discordant pairs was calculated based on a desired power of 90 percent and a significance level of
0.10. The Pennsylvania data were examined to determine the percent discordant pairs for both lane
and shoulder width, which was used as an estimate for the probability of a discordant pair. There
were approximately 70 percent discordant pairs for lane width and 80 percent for shoulder width.

Table 3 illustrates how the required number of segments changes based on the probability of a
discordant pair with values ranging from 0.5 to 0.8.

Table 3. Sample size calculations.

T A =1.05 A=1.10
0.5 57,576 15,094
0.6 47,980 12,578
0.7 41,126 10,782
0.8 35,986 9,434

In most cases, the available sample size will decrease as the matching scheme becomes more
complex. For Pennsylvania, the available sample size is 41,350 segments for the most complex
matching scheme. Assuming 70 percent discordant pairs, this sample is adequate to detect a
minimum change in crashes of 5 percent at a 10-percent significance level with 90-percent
power. However, if the probability of a discordant pair is reduced to 0.6 or 0.5, then the available
sample size for Pennsylvania will be inadequate for the desired levels of power, significance, and
detection. For Washington, the available sample size is 46,316 segments for the most complex
matching scheme.
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DATA COLLECTION

In order to make the best use of available study resources, existing data from the States of
Pennsylvania and Washington were used in the analysis. During the study, additional years of
data became available for Pennsylvania and were used in the study targeting narrow pavement
widths.

PENNSYLVANIA

For Pennsylvania, geometric, traffic, and crash data were obtained for more than 71,616 km
(44,500 mi) of roadway segments in from 1997 to 2001. The data were obtained from the
Pennsylvania Department of Transportation (PennDOT) in two parts: (1) a crash inventory
database extracted from the Pennsylvania Crash Reporting System and (2) a roadway inventory
file. Each database identifies segments by County, State Route Number, and Segment Number.
Crash data were available for each year of the study period; however, only one geometric file
was available for the five-year period. The initial analysis, undertaken to explore the safety
implications of lane-shoulder combinations, used these data. The term “wider lanes” is used to
indicate these analyses because they contain lane-shoulder combinations that range from 7.92 to
10.97 m (26 to 36 ft) in total paved width. After initial presentation of these results, the technical
advisory committee inquired about the safety effects of narrower total widths.

A second data set was obtained from PennDOT, including crash data from 2003 to 2006 in a new
integrated database called Crash Data Analysis and Retrieval Tool (C-DART) to pursue narrower
total paved widths including widths from 4.27 to 7.32 m (14 to 24 ft). Roadway inventory data
were available for each of the four years, reflecting the roadway conditions at the end of each
calendar year. PennDOT does not retain the roadway inventory files after each calendar year, so
it was not possible to retrieve roadway data for each of the years 1997-2001. Note also that 2002
crash data reflected a transition to a new crash reporting form which resulted in substantially
fewer crashes being reported to PennDOT for that year; as a result 2002 was considered an
anomaly and not used for this analysis.

The crash inventory data include all reportable crashes for midblock locations (i.e.,
nonintersection crashes). Reportable crashes are defined as those in which at least one vehicle is
towed from the scene. Also, any data from “phantom” or “hit-and-run” crashes are excluded. The
dataset includes State roads only and does not include crashes on the Pennsylvania Turnpike
facilities. A list of variables contained in the crash inventory database is shown below:

Crash Type.

Severity.

Time of Day.

Day of Week.
Weather.
[llumination.

Surface Condition.
Special Location.
Relation to Roadway.
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Date of Birth.
Seating Position.
Safety Equipment Usage.
Person Type.
Gender.
Drug, Alcohol or Medication Use.
Prime Factor Source.
o Environmental/Roadway.
o Vehicle Failure.
o Pedestrian Action.
o Driver Action.

The roadway inventory file contains geometric and traffic data for all segment types. Every State
route is divided into segments, which are typically numbered starting with “0010” and increase
in increments of 10 from south to north and west to east. Segment length varies as a new
segment is created whenever there is a change in cross section or section characteristics. A list of
the relevant variables from the roadway inventory file is given below:

e Urban/Rural Code. e Right Shoulder Type.

e Number of Lanes. e Right Shoulder Paved Width.
e Average Daily Traffic. e Right Shoulder Total Width.
e Posted Speed Limit. e Median Type.

e Segment Length. e Median Width.

e Surface Type. e County.

e Pavement Width. e Route Number.

e Left Shoulder Type. e Segment Number.

e Left Shoulder Paved Width. e Direction.

e Left Shoulder Total Width.

The crash inventory database was merged with the roadway inventory file based on unique
identifying variables for each segment (i.e., county, route number, and segment number). Once
the crash data were merged with the roadway inventory file, the database was cleaned to
eliminate segments with incomplete geometric data. There were 197 segments removed due to
missing data. The data were then separated by year, and the rural, two-lane, undivided segments
were identified for further analysis. A summary of the number of crash and noncrash segments
by year is provided in table 4. Crash segments are defined as the number of segments
experiencing a crash in a particular year, while noncrash segments are those segments with zero
crashes in the same year. Segment lengths are not equal for all segments included in the analysis,
but case-control pairs were matched on similar values of segment length. The average segment
length in Pennsylvania was approximately 0.80 km (0.5 mi).
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Table 4. Pennsylvania rural, two-lane, undivided crash and noncrash segments.

Year Crash Segments Noncrash Segments Total
1997 11,611 14,038 25,649
1998 10,949 14,445 25,394
1999 11,804 13,942 25,746
2000 12,166 13,846 26,012
2001 10,606 14,511 25,117
2002 — — —

2003 8,469 15,384 23,853
2004 6,827 14,582 21,409
2005 7,272 14,143 21,415
2006 6,769 14,620 21,389

— Indicates that no data were available for 2002.
WASHINGTON

Geometric, traffic, and crash data were obtained through the Highway Safety Information System for
more than 13,358 km (8,300 mi) of State-maintained highway segments in Washington from 1993 to
1996 and 2002 to 2003. The Washington data were obtained in four parts: (1) a roadway inventory
file, (2) a horizontal curve file, (3) a vertical curve file, and (4) a crash inventory database. The
geometric databases (roadway inventory, vertical curve, and horizontal curve files) identify segments
by a road inventory number as well as beginning and ending milepost. Crash locations are identified
by road inventory number and approximate milepost.

The crash inventory data included all reportable midblock crashes from calendar years
1993-1996 and 2002-2003. Roadway inventory data were not available for 1997-2001 and were
therefore excluded from the analysis. The State of Washington defines the reporting threshold as a
crash that involves at least $700 of damage. This dataset does not contain crashes occurring at or near
intersections. A list of variables contained in the crash inventory database is shown below:

Crash Type.
Severity.

Crash Date.

Day of Week.
Weather.
IIlumination.
Surface Condition.
Location.

Number of Vehicles.

The roadway inventory file contains geometric and traffic data for all segments by location (i.e.,
rural and urban). Information regarding horizontal and vertical curvature was included in
separate files. The data were merged to obtain a single roadway inventory file of homogeneous

17



roadway segments. First, the horizontal curve file was merged with the roadway data file.
Segments were merged by road inventory number and beginning and ending milepost. A new
segment was created for every curve and any changes in roadway geometry (e.g., number of
lanes, lane width, shoulder width, and shoulder type). The vertical curve file was then merged
with the roadway and horizontal curve file in a similar fashion, creating a new segment for every
vertical curve. A list of variables contained in the complete roadway file is given below:

e Urban/Rural Code. e Horizontal Curvature.
e Number of Lanes. e Curve Angle.

e Average Daily Traffic. e Curve Radius.

e Posted Speed Limit. e Degree of Curve.

e Segment Length. e Direction of Curve.

e Surface Type. e Vertical Curvature.

e Pavement Width. e Vertical Curve Length.
e Left Shoulder Type. e Percent Grade.

e Left Shoulder Width. e Direction of Grade.

e Right Shoulder Type. e Functional Class.

e Right Shoulder Width. e County.

e Median Type. e Route Number.

e Median Width. e Traffic Control.

The crash inventory database was merged with the complete roadway inventory file. Each crash
was identified by approximate milepost and matched with the appropriate segment based on the
beginning and ending milepost. Once the crash data were merged with the roadway inventory
file, the database was cleaned to eliminate segments with incomplete data. The rural, two-lane,
undivided segments were identified for further analysis. A summary of the number of crash and
noncrash segments by year is provided in table 5. Washington did not have a sufficient sample of
narrower total widths to permit additional analyses; the database had a less variable set of lane-
shoulder combinations than Pennsylvania. Segment lengths are not equal for all segments
included in the analysis, but case-control pairs were matched on similar values of segment
length. The average segment length in Washington was approximately 0.64 km (0.4 mi).

Table 5. Washington rural, two-lane, undivided crash and noncrash segments.

Crash Noncrash

Year Segments Segments Total
1993 5,412 52,352 57,764
1994 5,852 51,873 57,725
1995 5,690 50,033 55,723
1996 6,039 50,165 56,204
2002 5,938 50,794 56,732
2003 5,867 50,907 56,774
Total 34,798 306,124 340,922

Note: Roadway data were not available for 1997-2001.
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RESULTS

WIDE PAVEMENT WIDTHS

A series of models were estimated for pavement widths from 7.92 to 10.97 m (26 to 36 ft), using
a 10.97-m (36-ft) total paved width with 3.66-m (12-ft) lanes and 1.83-m (6-ft) shoulders as the
baseline. All crash odds are referenced to this baseline. Separate models were constructed for
total crashes and target crashes. The process was repeated for both Pennsylvania and Washington
data sets. All models matched segment length and AADT. While the effects of lane and shoulder
width did not vary substantially by AADT, the sample included relatively few segments with
AADT, fewer than 1,000 vehicles per day. Therefore, the results, in general, apply to roadways
with AADTs greater than 1,000 vehicles per day.

For Pennsylvania, 10 models were estimated, 5 using the dataset of target crashes and 5 using the
dataset of total crashes. Initial models for Pennsylvania yielded results that were difficult to
interpret, indicating the need for the series of additional modeling. Using what was learned from
the Pennsylvania models, only four models were estimated with the Washington data. These
models and their attributes are summarized in the appendix.

The final model for Pennsylvania included speed, lane width, shoulder width, unpaved shoulder
width, and district as covariates. The final model for Washington included speed, lane width,
shoulder width, and horizontal and vertical curve presence as covariates. The additional
covariates were used to account for potential confounding effects, and the results represent an
average over all levels of the covariates. The results for these models for target crashes (i.e., run-
off-road, head-on, sideswipe opposite direction, and sideswipe same direction crashes) and for
total crashes are presented in the following sections.

Table 6 and table 7 present the odds ratio and associated standard error for various lane-shoulder
configurations. The odds ratio represents the expected percent change in crashes compared with
the baseline. The baseline is indicated by an odds ratio of 1.0. An odds ratio less than 1.0
represents an expected reduction in crashes, while an odds ratio greater than 1.0 represents an
expected increase in crashes (e.g., odds ratio of 1.10 indicates a 10-percent increase in crashes
compared with the baseline). The standard errors indicate the significance of the odds ratio for a
given pavement configuration in a specific State; the standard errors in the following tables
cannot be applied to odds ratios or CMFs from other studies. The standard errors were used to
compute the confidence limits for each specific lane-shoulder configuration. Confidence
intervals that include 1.0 indicate that the odds ratio is not significantly different from the
baseline.

Pennsylvania Target Crash Model

The results for Pennsylvania are summarized in table 6, indicating the effects of lane and
shoulder width configurations on target crashes. The table provides the sample size (i.e., number
of segments) for each lane and shoulder width combination as well as the confidence intervals
for the estimated values. The appendix provides estimates of the additional covariates included in
the target crash model.
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Table 6. Results of Pennsylvania target crash model matched for AADT and segment
length—speed, district, and unpaved shoulder width as covariates.

Pavement | Lane | Shoulder Lower Upper
Width | Width | Width Odds Ratio Confidence | Confidence | Sample

(m) (m) (m) (Standard Error) Limit Limit Size
7.92 3.05 0.91 1.127 (0.044) 1.044 1.217 3510
7.92 3.35 0.61 1.116 (0.047) 1.028 1.212 2649
7.92 3.66 0.30 1.845 (0.364) 1.253 2.716 134
8.53 3.05 1.22 1.195 (0.051) 1.100 1.299 2799
8.53 3.35 0.91 1.189 (0.042) 1.109 1.275 4188
8.53 3.66 0.61 1.163 (0.082) 1.013 1.336 882
9.14 3.05 1.52 1.222 (0.129) 0.994 1.503 385
9.14 3.35 1.22 1.143 (0.035) 1.077 1.214 6403
9.14 3.66 0.91 1.114 (0.063) 0.996 1.246 1411
9.75 3.05 1.83 0.747 (0.099) 0.576 0.970 246
9.75 3.35 1.52 1.059 (0.053) 0.959 1.169 1893
9.75 3.66 1.22 1.038 (0.043) 0.957 1.126 2986
10.36 3.05 2.13 1.956 (0.552) 1.125 3.401 54
10.36 3.35 1.83 0.838 (0.046) 0.753 0.932 1597
10.36 3.66 1.52 0.867 (0.070) 0.741 1.015 702
10.97 3.05 2.44 0.377 (0.131) 0.191 0.746 42
10.97 3.35 2.13 0.901 0.672 1.209 188
10.97 3.66 1.83 1 1 1 932

Note: Bold denotes results significant at the 95-percent confidence level.

1ft=0.305m

In table 6, the odds ratio is an estimate of the odds of a crash for a total pavement width with
specific lane and shoulder width combination, compared with a 10.97-m (36-ft) total paved
width with two 3.66-m (12-ft) lanes and two 1.83-m (6-ft) shoulders. The odds ratio is estimated
directly from the conditional logistic regression shown in equation 1. The following are
noteworthy interpretations from table 6.

There is a general declining trend for the odds ratio as total paved width increases (again,
controlling for AADT, segment length, speed, district, and unpaved shoulder width). This is
apparent as the odds ratios for wider pavement widths 9.75-10.97 m (3236 ft) are less than the
odds ratios for narrow pavement widths 7.92-9.14 m (2630 ft). This is generally consistent with
the findings of earlier research.***¥

More specific to the objective of this study, one can examine the trend in crash odds within each
total paved width. For example, for a 7.92-m (26-ft) total paved width, the crash odds are nearly
the same for 0.91-m (3-ft) shoulders (3.05-m (10-ft) lanes) and 0.61-m (2-ft) shoulders (3.35-m

20



(11-ft) lanes). This is indicated by the scale of the odds ratio parameter (1.127 and 1.116,
respectively) and the degree of overlap of the 95-percent confidence limits (1.044-1.217 and
1.028-1.212). However, the 7.92-m (26-ft) paved width with 0.30-m (1-ft) shoulders (3.66-m
(12-ft) lanes) has a much higher odds ratio (1.845), and the 95-percent confidence limits exclude
the odds ratios for the other two configurations. This indicates a significant difference despite the
small sample size (134) for the 3.66-m (12-ft) lanes with 0.30-m (1-ft) shoulders configuration.

The 8.53-m (28-ft) total width illustrates a similar trend for the configurations with 3.05-m
(10-ft) and 3.35-m (11-ft) lanes, except in this case, the last category (3.66-m (12-ft) lanes with
0.61-m (2-ft) shoulders) has overlapping confidence limits and does not appear to be
significantly different from the other two configurations. Interestingly, all have confidence limits
greater than 1.0, indicating an increased crash risk compared with the baseline design (3.66-m
(12-ft) lanes with 1.83-m (6-ft) shoulders).

The 9.14-m (30-ft) total paved width has a slight increasing trend in crash odds as shoulder width
decreases; a reversal of the trend for 7.92-m (26-ft) total width. Examination of the upper and
lower confidence limits indicates that there is not a significant difference in odds among any of
the three lane and shoulder width configurations (i.e., the odds ratio for each configuration is
contained within the confidence limits of the other configurations).

The 9.75-m (32-ft) total paved width has a relatively constant odds ratio for the 1.22-m (4-ft)
shoulder (3.66-m (12-ft) lanes) and 1.52-m (5-ft) shoulder (3.35-m (11-ft) lanes) configurations;
however, the odds ratio declines significantly for the widest shoulder configuration (3.05-m
(10-ft) lanes and 1.83-m (6-ft) shoulders). This is the second indication that wider shoulders are
preferred over wider lanes, given a fixed pavement width.

The 10.36-m (34-ft) total paved width has a relatively small sample size (only 54 segments) in
the 3.05-m (10-ft) lanes with 2.13-m (7-ft) shoulders configuration. This leads to broad
confidence limits for that parameter; however, the odds ratio for the 3.05-m (10-ft) lanes with
2.13-m (7-ft) shoulders configuration is much higher than the other two configurations, which
are virtually the same. This is an indication that wider lanes are preferred over wider shoulders,
given a fixed pavement width.

The 10.97-m (36-ft) total paved width contains the baseline configuration (3.66-m (12-ft) lanes
with 1.83-m (6-ft) shoulders), which is fixed at an odds ratio of 1.0. The other two configurations
have odds ratios below 1.0, indicating a decrease in risk as shoulder width increases, but only the
widest shoulder configuration (3.05-m (10-ft) lanes with 2.44-m (8-ft) shoulders) is statistically
different from the baseline.

The analysis included relatively few segments with an AADT of fewer than 1,000 vehicles per
day. Therefore, the results, in general, apply to segments with an AADT of greater than

1,000 vehicles per day. To confirm that the results do not vary substantially by AADT, a
subsequent model was developed, excluding those sites with an AADT of fewer than

1,000 vehicles per day. The results were nearly identical to the analysis that included all
segments.
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The analysis included segments with posted speed limits ranging from 24 to 89 km/h (15 to
55 mi/h). To confirm that the results do not vary substantially by speed limit, separate models
were developed for high-speed (i.e., greater than 72 km/h (45 mi/h)) and low-speed segments
(i.e., 72 km/h (45 mi/h) and less). While the odds ratios were generally slightly greater for
higher-speed roads compared with low-speed roads, the difference was not statistically
significant.

Pennsylvania Total Crash Model

The model results for the total crash analyses are contained in the appendix. The general trends
were virtually the same as those for the target crash model, except the results for the target crash
model showed greater sensitivity with respect to changes in lane and shoulder combinations. For
example, configurations with an elevated risk of target crashes (odds ratio greater than 1.0) had a
slightly higher odds ratio when compared with the same configuration in the model of total
crashes. Segments with a reduced risk of total crashes (odds ratio less than 1.0) had an even
lower odds ratio for target crashes. This is rational since the concept of target crashes is that they
are likely to be more directly affected by changes in lane and shoulder combinations than total
crashes. This expectation was supported by the models.

Washington Target Crash Model

The Washington model results for target crashes are presented in table 7. The table illustrates
that there are predominant lane and shoulder combinations in Washington compared with
Pennsylvania (i.e., for a given fixed pavement width in Washington, there is typically one
configuration with a large number of segments as indicated by the sample size). As a result, there
are few good combinations for comparison within a total paved width in Washington. For
example, total widths of 7.92 and 8.53 m (26 and 28 ft) have only one configuration each with a
sample size greater than 200 observations, making comparisons within these total widths
difficult due to the relatively large confidence intervals. Three other total widths of 9.14, 9.75,
and 10.36 m (30, 32, and 34 ft) have two configurations, each with relatively large samples; the
results indicate a reduction in crash odds as the lane width is increased. In all cases, however, the
upper and lower confidence limits overlap, indicating it is unlikely that the crash odds are
different from each other. For a fixed lane width of 3.35 m (11 ft) (i.e., comparing the odds ratio
as shoulder width increases from 0.61 to 2.13 m (2 to 7 ft)), there is a clear trend in reduced
crash odds as shoulder width increases. This trend provides validation against accepted
relationships from the HSM and other previous research but does not answer the question of
interest concerning lane and shoulder width tradeoffs.*"

The presence of a horizontal or vertical curve on a segment increases crash odds. Comparison of
model parameters for the lane and shoulder combinations with (table 7) and without (see
appendix) adjustment for horizontal and vertical alignment shows very little change in crash
odds. It may be that additional design variables are needed to determine the effect of alignment
with lane and shoulder width.
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Table 7. Results of Washington target crash model matched for AADT and segment
length—speed, horizontal curvature, and vertical curvature covariates.

Pavement | Lane | Shoulder Lower Upper

Width | Width | Width Odds Ratio | Confidence | Confidence | Sample
(m) (m) (m) (SE) Limit Limit Size
7.92 3.05 0.91 1.952 (0.546) 1.129 3.376 60
7.92 3.35 0.61 1.793 (0.192) 1.454 2.211 449
7.92 3.66 0.30 1.708 (0.635) 0.824 3.541 33
8.53 3.05 1.22 0.751 (0.345) 0.306 1.846 20
8.53 3.35 0.91 1.432 (0.128) 1.202 1.705 673
8.53 3.66 0.61 1.146 (0.227) 0.778 1.689 120
9.14 3.05 1.52 1.254 (0.670) 0.441 3.572 17
9.14 3.35 1.22 1.578 (0.157) 1.298 1.919 501
9.14 3.66 0.91 1.265 (0.161) 0.986 1.624 272
9.75 3.05 1.83 1.494 (0.885) 0.468 4.767 12
9.75 3.35 1.52 1.220 (0.194) 0.893 1.668 178
9.75 3.66 1.22 1.066 (0.101) 0.884 1.284 529
10.36 3.05 2.13 0.000 (0.001) NA NA 1
10.36 3.35 1.83 1.154 (0.153) 0.890 1.497 256
10.36 3.66 1.52 0.891 (0.137) 0.660 1.203 191
10.97 3.05 2.44 0.474 (0.320) 0.126 1.782 14
10.97 3.35 2.13 1.081 (0.215) 0.732 1.597 115
10.97 3.66 1.83 1.000 1.000 1.000 382

Note: Bold indicates significance at the 95-percent confidence level.
1ft=0.305m

Washington Total Crash Model

The results from the total crash model for Washington did not yield any significant additional
insights. There was more variability in parameter estimates likely due to the fact that the total
crash types include a portion of crashes that are unaffected by differences in lane and shoulder
width. The total crash model is presented in the appendix and is comparable to the target crash
model results displayed in table 7.

NARROW PAVEMENT WIDTHS

This section presents results for the narrow pavement width analyses of Pennsylvania data. These
analyses are considered supplemental to the previous results and include pavement widths less
than 7.92 m (26 ft). The results of the model estimation are summarized in the appendix. The
models included AADT as a continuous rather than categorical variable because earlier modeling
attempts using categories led to inconsistent results. The models consistently show a strong
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interdependence between AADT and odds ratio, necessitating the use of interaction terms in
addition to main effects. Virtually all main effects and interactions are statistically significant.

Crash odds increase nonlinearly with AADT, and the rate of increase differs for each lane and
shoulder combination; this validates the use of the main effects and interactions model. At the
lowest level of AADT, virtually all lane and shoulder combinations have lower odds than the
baseline, but as AADT increases, a change occurs at approximately 1,900 vehicles per day, after
which nearly all the configurations have a higher risk than the baseline.

Table 8 and figure 1 explore the odds ratios for different lane and shoulder width configurations
for the 7.32-m (24-ft) total paved width. The baseline was 3.66-m (12-ft) lanes with no
shoulders. When AADT is less than approximately 1,000 vehicles per day, the odds ratios are
less than 1.0. When AADT is greater than approximately 1,000 vehicles per day, the odds ratios
exceed 1.0. These results are not statistically significant at the 95-percent confidence level as
evidenced by the confidence intervals (i.e., confidence intervals that include 1.0 indicate
insignificant results). Rather, these results are intended to show the importance of considering
AADT when estimating the odds ratio for low-volume, narrow roadways.

Taken as a whole, these results indicate some reduction in crash odds by adding shoulder width
compared with lane width, but, in general, only when AADT is very low. Similar analyses were
considered for other narrow paved widths, but there was either an insufficient sample size or
configurations had insignificant main or interaction effects to indicate a trend in odds ratio.

Table 8. Odds ratios and confidence limits for 7.32-m (24-ft) total paved width.

95-Percent AADT (Vehicle)
Lane-Shoulder Confidence
Configuration Intervals 500 1,000 1,500 2,000 2,500

Upper CL. | 13693 | 1.9193 | 2.4407 | 2.9592 | 3.4843
Oddsratio | 0.7893 | 0.9706 | 1.1221| 1.2594 | 1.3884
Lower C.L. | 04550 | 0.4908 | 0.5159 | 0.5360 | 0.5533
3.05-m (10-ft) Lanes | UPper C.L. | 10897 | 1.3014 | 14861 | 1.6574| 1.8207

2.74-m (9-ft) Lanes and
0.91-m (3-ft) shoulders

and 0.61-m (2-ft) Oddsratio | 0.8614| 09979 | 1.1063| 1.2010] 1.2873
shoulders Lower C.L. | 0.6809 | 0.7651| 0.8236| 0.8703| 0.9101
3.35-m (11-ft) Lanes Upper C.L. | 14572 1.9890 | 2.4821| 2.9643 | 3.4460
and 0.30-m (1-ft) Oddsratio | 0.8094 | 09592 | 1.0806| 1.1881| 1.2871
shoulders Lower C.L. | 0.4496| 0.4626| 0.4704| 0.4762| 0.4808
C.L. = Confidence limit
1ft=0.305m
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Figure 1. Odds ratios for 7.32-m (24-ft) total paved width for various AADT levels.
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SUMMARY

The objective of this study was to determine the safety effectiveness of specific combinations of
lane and shoulder width on two-lane, rural, undivided roads. The case-control method was
applied to estimate the relative safety effectiveness of various lane and shoulder width
combinations using Washington and Pennsylvania data.

In general, the Pennsylvania results for lane width and shoulder width, individually, are
consistent with previous research; wider lanes and wider shoulders are associated with a
reduction in crash risk. For a fixed pavement width, the results are not as clear. The results are
too mixed to indicate a clear preference for wider shoulders or wider lanes for a fixed pavement
width. Results for some configurations indicate a preference for wider lanes, while others
support the use of wider shoulders. However, small sample sizes make it difficult to show a
definitive trend for some configurations. As the results for each fixed pavement width are based
on three lane-shoulder combinations, it is important to develop three reliable points to determine
if a clear trend exists. The results apply, in general, to roadways with an AADT greater than
1,000 vehicles per day, but the results do not change significantly across levels of AADT.

The same lack of consistency was present in the Washington results. There was a clear trend in
reduced crash odds as shoulder width (and therefore total pavement width) increases for a fixed
lane width of 3.35 m (11 ft). This trend provides validation against accepted relationships from
the HSM but does not answer the question of interest concerning lane and shoulder width
tradeoffs."

The narrow paved width analysis in Pennsylvania showed a strong interdependence with AADT.
Detailed modeling of the 7.32-m (24-ft) paved width indicated that at low volumes (less than
1,000 vehicles per day) odds ratios are generally less than 1.0. When traffic volumes are greater
than 1,000 vehicles per day, the odds ratios exceed 1.0, but the confidence intervals generally
include 1.0. Taken as a whole, these results indicate some reduction in crash odds by adding
shoulder width compared with lane width, but only when volumes are less than 1,000 vehicles
per day.
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SELECTED CMF VALUES AND COMPARISONS TO LITERATURE

WIDE PAVEMENT WIDTHS

Wide pavement widths 7.92 to 10.97 m (26 to 36 ft) were the primary focus of this research, and
CMFs were developed using data from Pennsylvania and Washington. An additional analysis
was undertaken to compare these study findings to the literature. Specifically, results were
compared with the draft chapter on two-lane rural roads from the HSM and a report on design
decisions by the Texas DOT (TxDOT) that includes an analysis of lane and shoulder width.""*"
The HSM considers lane and shoulder width separately and does not consider the interaction
between the two variables.*” The HSM implicitly assumes that a given shoulder width would
have the same effect on safety for roadways with different lane widths (e.g., a 1.22-m (4-ft)
shoulder would have the same effect on safety for roadways with a 3.05-m (10-ft) lane as
roadways with a 3.66-m (12-ft) lane). The TxDOT report explicitly considers interactions
between lane width and shoulder width in the model formulation, allowing the effects of
shoulder width to vary across different lane widths.""” The approach adopted for this research
also explicitly considers the interaction between lane and shoulder width by obtaining separate
estimates of safety effectiveness for each lane-shoulder pair.

The findings from the three studies are compared in table 9, and a CMF value is selected for each
lane-shoulder configuration. The selected values represent a compromise that emphasizes
findings from this study but also integrates results from the TxDOT research. In cases where the
CMF from this study had an insufficient sample size, the TxXDOT CMF was used to provide an
estimated value of the CMF for the specific lane-shoulder configuration. If there was a choice
between using the CMFs from Pennsylvania or Washington, the one with the larger sample size
was chosen; this was always the Pennsylvania estimate. The research team believes that
combining the results of the two studies produces a set of CMFs that reflects the project
objective while filling gaps (i.e., unreliable estimates) with additional research findings.

Standard errors and confidence limits are not provided in table 9 due to the combining of results
from the two studies. The standard errors and confidence limits can be obtained from table 6 for
those CMFs that are derived from the Pennsylvania results. Those CMFs selected from the
TxDOT research (i.e., those marked with an asterisk in table 9) do not have standard errors. As
such, it is difficult to determine the statistical significance of some estimates.

The last column in table 9 presents the selected CMFs for various lane-shoulder configurations
compared with a baseline configuration with 3.66-m (12-ft) lanes and 1.83-m (6-ft) shoulders. In
general, the results apply to two-lane rural roads with an AADT greater than 1,000 vehicles per
day. A disaggregate analysis did not reveal substantial differences across levels of AADT or
speed. While the effects were generally greater for higher-speed roads (i.e., speed greater than
72 km/h (45 mi/h)) when compared with low-speed roads, the difference was not statistically
significant. Overall, the safety effectiveness of lane-shoulder combinations appears to be
consistent at various levels of AADT and speed. As a result of combining the research findings,
there is a more apparent trend with respect to the optimal configuration of lane and shoulder
width for a given pavement width.
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Comparing the magnitude of CMFs in table 9, it is clear that the HSM values are generally much
larger, while the values from the Pennsylvania analysis and the TxDOT study are relatively
similar in magnitude. The Washington CMFs are a bit more inconsistent, owing largely to lower
sample sizes for many lane-shoulder combinations. Considering the differing methodologies and
data employed, the CMFs from TxDOT and Pennsylvania are remarkably similar.

The TxDOT model consistently results in lower crash risk by adding width to the lane rather than
the shoulder.” For each total paved width, the configuration with the lowest crash risk is the one
with the widest lane and narrowest shoulder (except the 10.97-m (36-ft) width). This is a reflection of
the method applied and the data from Texas. It should be noted that the TxDOT model used fatal and
injury crashes, not the “target crashes” used in this research and in the HSM.

Table 9. Comparison of study results with CMFs from literature.

Total | Lane | Shoulder | Sample Sample Selected CMF
Width | Width | Width | Size | PA | Size | WA | TxDOT | HSM | from Research
(m) (m) (m) (PA) |CMF | (WA) | CMF | CMF | CMF | and Literature
3.05 0.91 3510 1.13 60 1.95 1.22 1.53 1.13
7.92 3.35 0.61 2649 1.12 449 1.79 1.13 1.36 1.12
3.66 0.30 135 1.85 33 1.71 1.09 1.40 1.09*
3.05 1.22 2799 1.20 20 0.75 1.18 1.46 1.20
8.53 3.35 0.91 4188 1.19 673 1.43 1.10 1.29 1.19
3.66 0.61 882 1.16 120 1.15 1.07 1.30 1.16
3.05 1.52 382 1.22 17 1.25 1.15 1.38 1.15%
9.14 3.35 1.22 6403 1.14 501 1.58 1.07 1.22 1.14
3.66 0.91 1411 1.11 272 1.27 1.05 1.23 1.11
3.05 1.83 246 0.75 12 1.49 1.11 1.30 1.11%*
9.75 3.35 1.52 1893 1.06 178 1.22 1.05 1.14 1.06
3.66 1.22 2986 1.04 529 1.07 1.03 1.16 1.04
3.05 2.13 54 1.96 1 0.00 1.08 1.24 1.08*
10.36 | 3.35 1.83 1597 0.84 256 1.15 1.02 1.06 0.84
3.66 1.52 702 0.87 191 0.89 1.02 1.08 0.87
3.05 2.44 42 0.38 14 0.47 1.05 1.17 1.05*
10.97 | 3.35 2.13 188 0.90 115 1.08 1.00 1.00 1.00*
3.66 1.83 932 1.00 382 1.00 1.00 1.00 1.00

* Selected CMF was based on the TxDOT research.

Note: Values in italics for Pennsylvania and Washington imply insufficient sample size (i.e., number of segments)
for a reliable CMF.

1 ft=0.305m

The selected CMFs from table 9 are also presented in figure 2 to better illustrate the trends. In
general, wider lanes and narrower shoulders enhance safety for a fixed paved width (i.e., the
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CMF generally decreases as lane width increases from 3.05 m (10 ft) to 3.66 m (12 ft). For total
paved widths from 7.92 m (26 ft) to 9.14 m (30 ft), the CMF decreases only slightly as lane
width increases from 3.05 m (10 ft) to 3.35 m (11 ft). The CMF then decreases more
substantially as lane width increases from 3.35 m (11 ft) to 3.66 m (12 ft). For total paved widths
from 9.75 m (32 ft) to 10.97 m (36 ft), the most substantial reduction in the CMF occurs as lane
width increases from 3.05 m (10 ft) to 3.35 m (11 ft). The CMF is then relatively constant, and
even increases slightly for the 10.36-m (34-ft) paved width, as lane width increases from 3.35 m
(11 ft) to 3.66 m (12 ft).

Figure 2 also illustrates the general consistency of results with previous research; the wider
pavement widths 9.75-10.97 m (3236 ft) are associated with fewer crashes than the narrow
pavement widths 7.92-9.14 m (2630 ft). This figure is useful to show the general relationships
between the crash experience of the various roadway widths but should not be used to derive the
differences between individual pavement widths. Some of the configurations had limited sample
sizes. Additionally, this figure does not take into account the factors that went into the total
pavement width decision for a given road when the road was constructed. These factors may
inherently affect the safety of the roadway. An example of this is terrain. Limited right of way in
mountainous terrain may necessitate a 7.92-m (26-ft) roadway instead of a 10.97-m (36-ft)
roadway. The terrain has an effect on crash occurrence that is not completely accounted for in
these models.
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Figure 2. Selected CMF's from research and literature in relation to 10.97-m (36-ft) baseline
with 3.66-m (12-ft) lanes and 1.83-m (6-ft) shoulders.

There is always a concern when studies from different locations are combined. This is referred to
as model transferability. Reasons for concern include different design standards, different driver
populations, and varying environmental and geographic conditions. What is convincing in this
comparison to the literature is the striking similarity in magnitude with the Texas study and the
equally striking difference with respect to HSM values. The results for the 10.36-m (34-ft) total
paved width are the main substantial difference between the Texas and Pennsylvania analyses.
The Pennsylvania findings were chosen in this case because of the strength of the statistical
association demonstrated by the model. The comparisons have provided additional confidence
that the selected values are a reasonable reflection of conditions.

NARROW PAVEMENT WIDTHS

The odds ratios developed for the narrow pavement widths were not significant. However, a
clear relationship was exhibited in the relationship between low-volume roadways and narrow
pavement widths. At low volumes, odds ratios and confidence intervals are generally less than
1.0. When traffic volume is greater than approximately 1,000 vehicles per day, the odds ratios
exceed 1.0. Taken as a whole, these results indicate some reduction in crash odds for narrow
paved widths by adding shoulder width compared with lane width, but, in general, only when
traffic volume is very low.
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SELECTED CMFS FOR COMPARISON WITHIN A GIVEN PAVED WIDTH

The CMFs in table 9 represent the expected change in target crashes compared with a baseline
scenario of 3.66-m (12-ft) lanes and 1.83-m (6-ft) shoulders. When comparing lane-shoulder
configurations for a total paved width other than 10.97 m (36 ft), it is necessary to adjust the
CMFs by creating a new baseline. This is easily accomplished for any total paved width by
dividing the CMF for the new baseline into the CMF for the configuration to be compared
(equation 8).

Original CME

_ configuration(7)
onfiguration(i) — CMF

new baseline (8)

Adjusted CME,

For example, a State may be considering the potential configurations for a fixed pavement width
0f 9.75 m (32 ft). If the 3.05-m (10-ft) lane with 1.83-m (6-ft) shoulder configuration is selected
as the new baseline for the 9.75-m (32-ft) paved width, the adjusted CMFs for 3.35-m (11-ft)
lane with 1.52-m (5-ft) shoulder and 3.66-m (12-ft) lane with 1.22-m (4-ft) shoulder
configurations are calculated as follows (equations 9 and 10) using the selected CMFs (table 9):

) 1.06

AdJuSted CMF}&S—m lanes 1.52-mshoulders — m = 095 (9)
. 1.04

AdJUSted CMF3.66—m lanes 1.22-mshoulders — m =0.94 (10)

The adjusted CMFs indicate the expected change in crashes relative to the new baseline (3.05-m
(10-ft) lane and 1.83-m (6-ft) shoulder configuration). Based on the adjusted CMFs, roadways
with a 3.35-m (11-ft) lane and 1.52-m (5-ft) shoulder configuration are shown to have 0.95 times
fewer crashes than the baseline configuration (a five percent decrease). Roadways with a 3.66-m
(12-ft) lane and 1.22-m (4-ft) shoulder configuration are shown to have 0.94 times fewer crashes
than the baseline configuration (a six percent decrease). For the 9.75-m (32-ft) total paved width,
the (12-ft) lane and 1.22-m (4-ft) shoulder configuration is shown to be the optimal combination
with respect to safety.

Table 10 presents the selected CMFs from table 9 in this adjusted format. While the CMFs in
table 9 are all in relation to a configuration with 3.66-m (12-ft) lanes and 1.83-m (6-ft) shoulders,
the CMFs in table 10 have been adjusted to reflect a baseline scenario with 3.05-m (10-ft) lanes
for each total paved width (i.e., CMF = 1.00). For fixed total paved widths from 7.92 m (26 ft) to
10.97 m (36 ft), the CMF is shown to decrease as lane width increases (i.e., wider lanes and
narrower shoulders appear to be the optimal configuration with respect to safety).

While 3.66-m (12-ft) lanes appear to be the optimal design for 7.92-m (26-ft) to 9.75-m (32-ft)
total paved widths, 3.35-m (11-ft) lanes perform equally well or better than 3.66-m (12-ft) lanes
for 10.36-m (34-ft) to 10.97-m (36-ft) total paved widths. There may be additional benefits to
providing a 3.35-m (11-ft) lane width compared with a 3.66-m (12-ft) lane width for specific
scenarios. For example, AASHTO recommends, as a minimum, 0.61 m (2 ft) of the shoulder
width should be paved to provide for pavement support, wide vehicles, collision avoidance, and
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additional pavement width for bicyclists.m) The 3.35-m (11-ft) lane will also provide an extra
0.30 m (1 ft) of shoulder, given a fixed paved width, which may provide the necessary additional
shoulder width to accommodate disabled vehicles. From a maintenance perspective, it may be
desirable to provide 3.35-m (11-ft) lanes compared with 3.66-m (12-ft) lanes to help keep drivers
off of the edge of the pavement, particularly for very narrow total paved widths.

Table 10. Selected CMFs from table 9 converted for comparison within a
given paved width.

Pavement Width (m) | 3.05-m Lanes | 3.35-m Lanes | 3.66-m Lanes
7.92 1.00 0.99 0.96
8.53 1.00 0.99 0.97
9.14 1.00 0.99 0.97
9.75 1.00 0.95 0.94
10.36 1.00 0.78 0.81
10.97 1.00 0.95 0.95
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ECONOMIC ANALYSIS

Completion of the economic analysis requires careful consideration of the project scope. The
objective of this study was as follows: Given a fixed roadway width for a two-lane, undivided,
rural road, is it safer to provide wider shoulders or wider lanes? This statement indicates that
the activity of interest is not a re-striping project or a change in total paved width. Rather, for
new construction or a resurfacing project with a given total paved width, there is a decision to be
made regarding the allocation of lane and shoulder width. Given this description, the costs of
alternatives are essentially equal; therefore, it is reasonable to just consider the benefits.

The CMFs presented in this study provide the expected percent change in total crashes and target
crashes for various lane and shoulder width configurations. For a fixed pavement width, the
relative percent change in crashes is calculated as shown in the previous section. Once the
relative percent change in crashes is calculated for the lane-shoulder combinations of a fixed
pavement width (table 10), the most safety-effective configuration can be selected. The most
cost-effective configuration for a given paved width is the one with the lowest CMF. Continuing
with the example of a 9.75-m (32-ft) paved width and the selected CMFs (table 10), it is clear
that the 3.66-m (12-ft) lane with 1.22-m (4-ft) shoulder configuration is the most safety-effective
configuration within the 9.75-m (32-ft) paved width group.

Crash cost savings are based on the expected reduction in crash frequency. To compute the
expected reduction in crash frequency, the CMFs must be applied to actual crash data for a given
location. Again, using the example of a 9.75-m (32-ft) paved width and the selected CMFs

(table 10), the expected change in target crashes would be a 6-percent decrease by reallocating
the lane and shoulder width from a 3.05-m (10-ft) lane with 1.83-m (6-ft) shoulder configuration
to a 3.66-m (12-ft) lane with 1.22-m (4-ft) shoulder configuration. Assuming a crash experience
of 100 target crashes per year in the before condition, this would yield a reduction of six crashes
per year. Estimated crash costs are then applied to the expected change in crashes to estimate the
dollar savings. Crash costs typically vary by State but can be estimated from the recent FHWA
crash cost guide when State-specific crash cost data are not available.*”
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CONCLUSIONS

In general, the Pennsylvania and Washington models indicated a reduction in crash odds as total
pavement width increases on undivided, two-lane, rural roads. As a validation, the safety effects
of lane and shoulder width were assessed individually. The models indicated a general reduction
in crash odds as lane width increases while holding shoulder width constant and similarly, a
reduction in crash odds as shoulder width increases while holding lane width constant. These
results are consistent with previous studies.

Comparing the results of this study with previous research, it is apparent that the effects of lane
and shoulder width should be considered in the context of each other (i.e., the CMF for a given
shoulder width may not be applicable across various lane widths). This study and the TxDOT
report consider the interaction between lane and shoulder width, while the HSM considers lane
width and shoulder width separately."” The results of this study are more consistent with the
TxDOT report, while the HSM appears to overestimate the combined effects of lane and
shoulder width.

Supplementing the results of this study with previous research, CMFs were selected for the
various configurations of lane and shoulder width on undivided, two-lane, rural roads. The
selected values present a more apparent trend in the tradeoff between lane and shoulder width. In
general, the selected CMFs for paved widths of 7.92—10.97 m (2636 ft) indicate a slight benefit
to increasing lane width compared with shoulder width for a fixed total width. These results
apply, in general, to rural, two-lane roads with AADT greater than 1,000 vehicles per day, but
results are relatively consistent across various levels of AADT.

For narrow paved widths (i.e., 7.32 m (24 ft)), there is a slight reduction in crash odds by adding
shoulder width compared with lane width, but only when traffic volume is very low (i.e., less
than 1,000 vehicles per day). However, configurations with relatively narrow lanes may not be
appropriate for roadways with notable truck traffic. This is due to issues related to off-tracking,
where the rear wheels of trucks generally track inside the front wheels on horizontal curves.
Therefore, the design vehicle should be considered when identifying potential lane-shoulder
configurations.
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APPENDIX: SUPPORTING INFORMATION

Table 11. Summary of models estimated for the study.

Pennsylvania (Total and Target Crashes)

Model Matching Variables Covariates
P1 AADT and segment length | Lane width and shoulder width
P2 AADT and segment length | Speed, lane width, and shoulder width
Speed, lane width, shoulder width, and
P3 AADT and segment length | unpaved shoulder width
Speed, lane width, shoulder width, and
P4 AADT and segment length | district
Speed, lane width, shoulder width, unpaved
P5 AADT and segment length | shoulder width, and district
Washington (Total and Target Crashes)
Model Matching Variables Covariates
W2 AADT and segment length | Speed, lane width, and shoulder width
Speed, lane width, shoulder width, and
W6 AADT and segment length | horizontal and vertical curve presence
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Table 12. Additional covariates in Pennsylvania target crash model.

Covariates Ratio | Errar | © | P7H | cye | &
Speed 1 (< 48.3 km/h) 1.000 * * * 1.000 1.000
Speed 2 (48.3-56.3 km/h) 1.170 0.098 1.87 | 0.061 0.993 1.378
Speed 3 (64.4-72.4 km/h) 1.171 0.094 1.96 | 0.050 1.000 1.371
Speed 4 (80.5-88.5 km/h) 1.008 0.081 0.10 | 0.920 0.861 1.180
district 1 1.000 * * * 1.000 1.000
district 2 1.06649 | 0.038756 1.77 | 0.077 0.993 1.145
district 3 1.02721 | 0.037696 0.73 | 0.464 0.956 1.104
district 4 1.32869 | 0.053118 7.11 | 0.000 1.229 1.437
district 5 2.02191 | 0.085458 16.66 | 0.000 1.861 2.197
district 6 1.75167 0.12012 8.17 | 0.000 1.531 2.004
district 8 1.29428 | 0.046513 7.18 | 0.000 1.206 1.389
district 9 1.05247 | 0.042259 1.27 | 0.203 0.973 1.139
district 10 1.22526 | 0.048756 5.11 | 0.000 1.133 1.325
district 11 1.009 | 0.060192 0.15] 0.881 0.898 1.134
district 12 1.32956 0.05478 6.91 | 0.000 1.226 1.441
unpaved shoulder Om 1.000 * * * 1.000 1.000
unpaved shoulder 0.30m 1.00947 | 0.044486 0.21 | 0.831 0.926 1.101
unpaved shoulder 0.61m 1.13491 | 0.031812 4.51 | 0.000 1.074 1.199
unpaved shoulder 0.91m 0.96814 | 0.038188 -0.82 | 0.412 0.896 1.046
unpaved shoulder 1.22m 1.00627 | 0.034198 0.18 ] 0.854 0.941 1.076
unpaved shoulder 1.52m 0.82204 | 0.066331 -243 | 0.015 0.702 0.963
unpaved shoulder 1.83m 0.96687 | 0.059808 -0.54 | 0.586 0.856 1.091
unpaved shoulder 2.13m 0.49135 | 0.098538 -3.54 | 0.000 0.332 0.728
unpaved shoulder 2.44m 0.85887 | 0.072458 -1.80 | 0.071 0.728 1.013
unpaved shoulder 2.74m 0.54412 | 0.159382 -2.08 | 0.038 0.306 0.966
unpaved shoulder 3.05m 0.69974 | 0.104197 -240 | 0.016 0.523 0.937

C.L. = Confidence limit
* No values estimated for baseline

I mi=1.61 km
1 ft=0.305m
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Table 13. Pennsylvania total crash model matched for AADT and segment length—speed,
district, and unpaved shoulder width as covariates.

Total Paved LW SW | Odds | Standard P> | Lower | Upper | Sample
Width (m) (m) (m) | Ratio Error z |z| C.L. C.L. Size
7.92 3.05 |0.91 | 1.095 0.036 2.74 10.006 | 1.026 | 1.168 4,778
7.92 335 ]0.61 ] 1.112 0.039 3.04 10.002 | 1.038 | 1.191 3,816
7.92 3.66 |0.30| 1.479 0.238 2.43 10.015] 1.079 | 2.027 180
8.53 3.05 |1.22] 1.085 0.038 231 [0.021 | 1.013 | 1.162 4,019
8.53 335 1091 1.173 0.034 546 |0.000 | 1.108 | 1.242 6,140
8.53 3.66 |0.61 | 1.164 0.067 2.64 |0.008 | 1.040 | 1.303 1,331
9.14 3.05 |1.52]| 1.180 0.103 1.89 10.059 | 0.994 | 1.401 557
9.14 335 | 122 1.113 0.027 4.33 10.000 | 1.060 | 1.168 9,846
9.14 3.66 | 091 | 1.042 0.048 0.90 ]0.371 ] 0952 | 1.141 2,138
9.75 3.05 |1.83] 0.883 0.091 -1.20 | 0.229 | 0.721 | 1.081 400
9.75 335 |1.52| 1.121 0.045 2.81 [0.005] 1.035 | 1.213 2,907
9.75 3.66 | 122 1.044 0.034 1.31 [0.192 | 0979 | 1.114 4,671
10.36 3.05 |[2.13| 1.927 0.437 2.89 10.004 | 1.235 | 3.007 84
10.36 335 | 1.83] 0.848 0.036 -3.85 1 0.000 | 0.780 | 0.922 2,574
10.36 3.66 | 1.52 | 0.905 0.055 -1.63 | 0.102 | 0.803 | 1.020 1,210
10.97 3.05 [2.44] 0.793 0.187 -0.98 10.325| 0.499 | 1.259 75
10.97 3.35 [2.13] 0.945 0.113 -0.47 1 0.637 | 0.748 | 1.194 294
10.97 (baseline) 3.66 |1.83 1 * * * 1 1 1,548

C.L. = Confidence limit

* No values estimated for baseline

1 ft=0.305m
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Table 14. Additional covariates in Pennsylvania total crash model (table 13).

Odds | Standard Lower | Upper
Covariate Ratio Error z P>zl | C.L. C.L.

Speed 1 (< 48.3 km/h) 1.000 * * * 1.000 | 1.000
Speed 2 (48.3-56.3 km/h) 1.080 0.066 1.25| 0.210| 0.958 | 1.217
Speed 3 (64.4-72.4 km/h) 1.020 0.060 033 0.740| 0.909 | 1.144
Speed 4 (80.5-88.5 km/h) 0.845 0.049 | -2.88| 0.004| 0.753 | 0.948
unpaved shoulder Om 1.000 * * * 1.000 | 1.000
unpaved shoulder 0.30m 0.9566 | 0.03537| -1.20| 0.230| 0.890 | 1.028
unpaved _shoulder 0.61m 1.05 | 0.024384 2.10| 0.036 | 1.003 | 1.099
unpaved shoulder 0.91m 0.9519 | 0.031241 | -1.50| 0.133| 0.893 | 1.015
unpaved shoulder 1.22m 0.9507 | 0.026892 | -1.79| 0.074| 0.899 | 1.005
unpaved shoulder 1.52m 0.8536 | 0.056846 | -2.38| 0.017| 0.749 | 0.973
unpaved shoulder 1.83m 0.9513 | 0.048397 | -0.98 | 0.326| 0.861 | 1.051
unpaved _shoulder 2.13m 0.5707 | 0.087099 | -3.68 | 0.000 | 0.423 | 0.770
unpaved shoulder 2.44m 0.7763 | 0.053638 | -3.67 | 0.000| 0.678 | 0.889
unpaved shoulder 2.74m 0.5221 | 0.120964 | -2.81| 0.005]| 0.332| 0.822
unpaved shoulder 3.05m 0.7058 | 0.081421 | -3.02| 0.003 | 0.563 | 0.885
district 1 1.000 * * * 1.000 | 1.000
district 2 1.0847 | 0.032235 2.74| 0.006 | 1.023 ] 1.150
district 3 1.0435 | 0.031136 143 | 0.154| 0984 | 1.106
district 4 1.3874 | 0.045586 996 | 0.000 | 1301 ] 1.480
district 5 2.0055 | 0.069046 | 20.21 | 0.000 | 1.875| 2.146
district 6 1.5108 0.083 7.51 | 0.000 | 1357 | 1.683
district 8 1.2088 | 0.035346 6.48 | 0.000 | 1.141 ] 1.280
district 9 1.0557 | 0.034778 1.65| 0.100| 0.990 | 1.126
district 10 1.2673 | 0.040938 7.33 ] 0.000 | 1.190 | 1.350
district 11 0.9897 | 0.048282 | -0.21| 0.832| 0.899 | 1.089
district 12 1.3482 | 0.045476 8.86 | 0.000 | 1.262| 1.440

C.L. = Confidence limit

* No values estimated for baseline

I mi=1.61 km
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Table 15. Additional covariates in Washington target crash model, version 1.

Odds | Standard P> Lower | Upper | Sample
Covariate Ratio Error ¢ ¢ C.L. C.L. Size

Speed 1 (<48.3 km/h) 1 * * * 1.000 | 1.000 73

Speed 2 (48.3-56.3 km/h) 1.64496 | 0.464026 | 1.76 | 0.078 | 0.946 | 2.859 481

Speed 3 (64.4-72.4 km/h) 2.6033 | 0.731706 | 3.40 | 0.001 | 1.501 | 4.516 571

Speed 4 (80.5-88.5 km/h) 24736 | 0.666796 | 3.36 | 0.001 | 1.458 | 4.195 5,581

Speed 5 (96.6-104.6 km/h) | 2.07611 | 0.595718 | 2.55| 0.011 | 1.183 | 3.643 618

Horizontal curvature 1.50714 | 0.078636 | 7.86 | 0.000 | 1.361 | 1.669 4,089

Vertical curvature 1.55377 | 0.093297 | 7.34| 0.000 | 1.381 | 1.748 5,587

C.L. = Confidence limit
* No values estimated for baseline
1 mi=1.61 km

Table 16. Washington target crash model matched for AADT and segment length—speed
as a covariate without horizontal curvature and vertical curvature as covariates.

Total Paved LW | SW | Odds | Standar Lower
Width (m) (m) | (m) | Ratio | dError b4 P>zl | C.L. | Upper C.L.

7.92 3.05 | 091 | 2.067 0.567 2.65 | 0.008 1.207 3.538
7.92 335 | 0.61 1.777 0.186 5.49 | 0.000 1.447 2.181
7.92 366 | 030 | 1.922 0.703 1.79 | 0.074 | 0.939 3.935
8.53 3.05 | 1.22 | 0.898 0.407 -0.24 | 0.813 | 0.369 2.184
8.53 335 | 091 1.536 0.134 491 | 0.000 1.295 1.824
8.53 3.66 | 0.61 1.374 0.269 1.62 | 0.105 | 0.936 2.017
9.14 305 | 1.52 | 1.146 0.598 026 | 0.794 | 0413 3.185
9.14 335 | 1.22 | 1.612 0.158 4.89 | 0.000 1.331 1.953
9.14 3.66 | 091 1.310 0.164 2.16 | 0.031 1.025 1.674
9.75 305 | 1.83 | 1.044 0.608 0.07 | 0941 0.334 3.269
9.75 335 | 1.52 | 1.223 0.191 1.29 | 0.196 | 0.901 1.661
9.75 366 | 1.22 | 1.173 0.109 1.72 | 0.086 | 0.978 1.408
10.36 3.05 | 2.13 | 0.000 0.002 -0.02 | 0.982 | 0.000 NA
10.36 335 | 1.83 | 1.188 0.154 1.33 | 0.184 | 0.921 1.533
10.36 366 | 1.52 | 0.879 0.133 -0.85 | 0.394 | 0.654 1.182
10.97 3.05 | 244 | 0.447 0.301 -1.20 | 0.231 0.120 1.670
10.97 335 | 2.13 | 1.089 0.213 043 | 0.664 | 0.742 1.597

10.97 (baseline) | 3.66 | 1.83 | 1.000 * * * 1.000 1.000

C.L. = Confidence limit

NA = Not applicable due to small sample size
* No values estimated for baseline
1ft=0.305m
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Table 17. Additional covariates in Washington target crash model (table 16), version 2.

Odds St. Lower Upper
Covariate Ratio Error z P>z C.L. C.L.
Speed 1 (< 48.3 km/h) 1 * * * 1.000 1.000
Speed 2 (48.3-56.3 km/h) 1.66106 | 0.45385| 1.86 0.063 0.972 2.838
Speed 3 (64.4-72.4 km/h) 2.70044 | 0.735959 | 3.65 0.000 1.583 4.607
Speed 4 (80.5—-88.5 km/h) 2.6808 | 0.699197 | 3.78 0.000 1.608 4.470
Speed 5 (96.6-104.6 km/h) 2.22498 | 0.61767 | 2.88 0.004 1.291 3.834

C.L. = Confidence limit

* No values estimated for baseline

1 mi=1.61 km

Table 18. Washington total crash model matched for AADT and segment length—speed,
horizontal curvature, and vertical curvature as covariates.

Total Paved LW | SW | Odds | Standard Lower | Upper | Sample
Width (m) (m) | (m) | Ratio Error z P>z C.L. C.L. Size
7.92 3.05] 091 | 1.666 0.259 3.28 | 0.001 1.228 2.259 183
7.92 3351 0.61 | 1.538 0.095 6.96 | 0.000 | 1.363 1.736 1,281
7.92 3.66 | 0.30 | 1.445 0.315 1.69 | 0.092 | 0.942 2.217 92
8.53 3.05]| 1.22 | 0.492 0.150 -2.32 | 0.020 | 0.270 0.895 48
8.53 3351091 | 1.151 0.058 2.80 | 0.005 | 1.043 1.270 1,997
8.53 3.66 | 0.61 | 1.233 0.143 1.81 | 0.070 | 0.983 1.546 333
9.14 3.05]1.52 | 1.927 0.625 2.02 | 0.043 | 1.020 3.639 44
9.14 3351122 | 1.583 0.084 8.63 | 0.000 | 1.426 1.757 1,742
9.14 3.66 | 0.91 | 1.281 0.094 3.38 | 0.001 1.110 1.478 812
9.75 3.05 ] 1.83 | 1.398 0.481 097 | 0.331 | 0.712 2.746 35
9.75 3351152 | 1.074 0.093 0.83 | 0.408 | 0.907 1.272 573
9.75 3.66 | 1.22 | 0.886 0.046 -2.34 | 0.020 | 0.800 0.981 1,756
10.36 3.05 ] 2.13 | 0.000 0.001 -0.02 | 0.981 | 0.000 NA 1
10.36 3351183 | 1.374 0.096 4.57 | 0.000 | 1.199 1.575 928
10.36 3.66 | 1.52 | 0.876 0.073 -1.59 | 0.113 | 0.744 1.032 628
10.97 3.05 | 2.44 | 0.660 0.196 -1.40 | 0.162 | 0.369 1.181 51
10.97 3351213 | 1.127 0.126 1.07 | 0.284 | 0.906 1.403 345
10.97 (baseline) | 3.66 | 1.83 | 1.000 * * * 1.000 1.000 1,278

C.L. = Confidence limit

NA = Not applicable due to small sample size
* No values estimated for baseline

1 ft=0.305m
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Table 19. Additional covariates in Washington total crash model (table 18).

Odds | Standard Lower | Upper | Sample
Covariate Ratio Error z P>zl | C.L. C.L. Size

Speed 1 (< 48.3 km/h) 1 * * * 1.000 | 1.000 330
Speed 2 (48.3-56.3 km/h) 1.089 0.133 0.70 | 0.484 | 0.857] 1.385 1,971
Speed 3 (64.4-72.4 km/h) 1.299 0.159 2.14 | 0.032 1.022 | 1.652 2,245
Speed 4 (80.5-88.5 km/h) 1.286 0.149 2.18 | 0.029 1.026 | 1.615| 17,018
Speed 5 (96.6-104.6 km/h) | 1.000 0.122 0.00| 0998 | 0.786 | 1.272 2,734
Horizontal curvature 1.220 0.034 7.08 | 0.000 1.155 ] 1.290 | 12,282
Vertical curvature 1.389 0.043 | 10.62 | 0.000 1.307 | 1.476 | 18,002

C.L. = Confidence limit
* No values estimated for baseline
1 mi=1.61 km
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Table 20. Pennsylvania narrow pavement width model.

Definition of Variable Coefficient | S.E. z | P>
Total paverpent 4.17 m with 2.13-m lane width and 0-m 1921 1 0250 | =770 | 0.000
shoulder width
Total paverpent 4.88 m with 2.44-m lane width and 0-m 1519 | 0203 | <747 | 0.000
shoulder width
Total paverpent 5.49 m with 2.74-m lane width and 0-m 1295 | 0.171 | -7.59 | 0.000
shoulder width
Total pavement 6.71 m with 2.74-m lane width and 0.61-m 0824 103041 2711 0.007
shoulder width
Total pavement 7.32 m with 2.74-m lane width and 0.91-m 1032 10399 | 259 | 0010
shoulder width
Total pavement 6.10 m with 3.05-m lane width and 0-m 0936 | 0.166 | -5.64 | 0.000
shoulder width
Total pavement 6.71 m with 3.05-m lane width and 0.30-m 0.156 1 0321 | -049 | 0.626
shoulder width
Total paverpent 7.32 m with 3.05-m lane width and 0.61-m 0715 | 0207 | -3.46 | 0.001
shoulder width
Total pavement 6.71 m with 3.35-m lane width and 0-m 0400 | 0.181 | 2221 0.027
shoulder width
Total paverpent 7.32 m with 3.35-m lane width and 0.30-m 0865 | 0.475 | -1.82 | 0.069
shoulder width
AADT after Cube Root Transformation 0.1870.012 | 15.8 | 0.000
Interaction term between total pavement 4.17 m
(2.13-m lane and 0-m shoulder) and AADT CBRT 0.15710.026 | 5931 0.000
Interaction term between total pavement 4.88 m
(2.44-m lane and 0-m shoulder) and AADT CBRT 0.116 1 0.021 | 556 | 0.000
Interaction term between total pavement 5.49 m
(2.74-m lane and 0-m shoulder) and AADT CBRT 0.105 1 0.015 1 6.821  0.000
Interaction term between total pavement 6.71 m
(2.74-m lane and 0.61-m shoulder) and AADT CBRT 0.08410.029 | 2911 0.004
Interaction term between total pavement 7.32 m 0.100 | 0036 | 276 | 0.006

(2.74-m lane and 0.91-m shoulder) and AADT CBRT
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Interaction term between total pavement 6.10 m

(3.05-m lane and 0-m shoulder) and AADT CBRT 0.0821 0.014 7 5.95 0000
(3.05:m lane and 0.30.m shoulden)and AADT CBRT 001210029 0421 0678
s o | 007007 a1 | oo
(3:35:m lane and 0um shoulder) and AADT CBRT 003910015 265 0.008
Interaction term between total pavement 7.32 m 0.082 10039 2131 0033

(3.35-m lane and 0.30-m shoulder) and AADT_CBRT

Number of observations = 54,309
Log likelihood = -15674.947
LR 7 (21) = 8426.46

Pseudo R>=0.2118
Prob > x> = 0.0000

1 ft=0.305m
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